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I. Introduction
The search for means of accelerating electron beams to extremely high energies (>1 TeV) in distances less than 10 km has emphasized means of generating microwave radiation at very high-peak power. The simultaneous requirement that the beams have high luminosity implies that these radiation sources operate at high-average power. The free-electron-laser ampli. er (FEL) shows particular promise to be able to meet these power requirements.
As described in ref. 1 , increasing the brightness of the high-currert electron beam used in FEL amplifiers can markedly increase the amplifier gain and energy conversion efficiency. To exploit this potential, the Beam Research Program at LLNL has embarked upon a dedicated campaign to explore the limits of designing and operating bright, high-current electron beam sources at repetition rates consistent with high-luminosity accelerators (>100 Hz). The "brightness campaign" has proceeded along several fronts: injector (2) design using state-of-the-art computer codes v , development of a test stand, HBTS^ ', suitable for evaluating numerous injector configurations and choices of cathode materials, and development of diagnostics capable of measuring the brightness of kiloampere electron beams at high-current density.
For the purpose of comparing the calculated and/or measured brightness of a given injector design with the beam specifications used in the FEL design code, FRED^ , we define the normalized brightness, J , as % times the current density in transverse phase space; i.e., 
B. Experimental Facilities
To expedite our experimental program, we employed three different injectors and a diode test stand in our investigations. The injectors of the Advanced Test Accelerator (ATA) and the Experimental Test Accelerator were used for studying the improvements possible in medium field stress (100-300 kV/cm) configurations operating at low repetition rates (1 Hz). Our original measurements^ ' with plasma cathodes operating in low stress environments were also carried out with these injectors. Torr up to 100 A/cm can be generated in short pulses.
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A. Flashboards Flashboard cathodes in gridded injector configurations have been used for several years as the beam sources in both the ETA and ATA. In both cases, the 2 2 measured brightness was approximately 3000 A/cm -rad , well below the maximum expected value^ for these cathodes. Moreover, the measurements reported in ref. 8 , revealed the presence of a fast component in the plasma which produced the effects of a high-plasma temperature. This and other characteristics suggested in our first measurements on the ATA were confirmed in measurements on a diode test stand. The plasma density as measured with 9 -3 Langmuir probes was about 10 cm nearly the same as the extracted beam density. The presence of a plasma component with velocity >10 cm/us was confirmed. The final difficuJty with these sources is diplayed in fig. 2 ; the emission from the cathodes as evidenced by emitted light is grossly non-uniform. In fig. 2 the number in the photographs is the time after the flashboard igniter pulse in nanoseconds.
These investigations lead to our abandoning flashboard cathodes from further consideration; they also suggested approaches for improving beam brightness.
B. Field Emission Cathodes Many of the short-comings of ATA and ETA injector operations with the flashboard seemed connected with the interaction of the extraction grid with the marginally dense plasma produced from the flashboard. Our first approach was to switch to a field emission cathode deployed in a medium field stress f91 configuration (Fig. 3 ). Other investigators^ ' had found that ordinary velvet produced a dense plasma under moderate stress conditions. Tests on the ATA have showed that by properly cancelling the B fiela at the cathode surface we are able to produce 10 kA beams with a brightness of 44000 "5*5 / A/cm -rad . Observation of the cathode surface after more than 10 pulses shows the cathode material to appear carbonized. Measurements of the conductivity of the cathode show, however, that the cathode remains a dielectiic. In the configuration of Fig. 3 , the beam contains a very bright central core. P« filtering the beam with an emittance selector downstream of the cathode, we find that more than 3 kA of the ATA beam has a brightness 5 2 2 exceeding 4x10 A/cm -rad . Although this beam filtering approach is not consistent with high repetition rate operation, it suffices to provide a bright enough, high-current beam for optical FEL amplifier experiments on the ATA. where E Q is the maximum tolerable field stress and d the cathode to anode spacing. This heuristic approach argues for field stress approaching lMV/cm in small injectors operating at the lowest possible voltages. To keep the thermal angle to a minimum, we employed configurations with mutliple intermediate electrodes. These electrodes were arranged so as to create a Pierce column; i.e., the accelerating potential was constrained at multiple positions to satisfy the Pierce condition that the electrons feel no radial force. In such an arrangement, electrostatic forces balance the space charge forces to provide focusing for the beam. Our most successful realization of the Pierce correction was the pentode design of Fig. 5 .
The small, h'.gh-stress designs are very susceptible to arcing in the presence of electron bombardment of the electrodes. Consequently, successful configurations were a fortiori consistent with operation at high repetition rate.
Several varieties of field emitters were tested in the stand: tungsten needles, ceramic-metallic matrix, polymer-metallic matrix, grooved poco graphite, reactor-grade graphite, carbon brush, and porous dielectricsfeltand velvet. The best performance was delivered by the velvet, which yielded a 2 kA beam at a brightness of 2x10 .
These cathode materials were also tested for their suitability for repetition-rated operation. In no case was operation above 50 Hz possible for extended periods. At rates above 50 Hz, emission soon became grossly non uniform and finally ceased; after waiting several minutes, the cathodes again performed satisfactorily at low rates. The observed behavior is consistent with the hypothesis that the beam is extracted from a dense plasma generated in desorbed gas by local arcing along the cathode surface. At high repetition rates, the gas rsservoir is exhausted faster than it can be replenished in the vacuum environment (10~ Torr). The superior characteristics of the velvet are probably related to its having the largest surface area and, hence, the largest gas reservoir.
For our most recent set of studies, the HBTS was modified to allow operation cf thermionic cathodes which require vacuums better than 10~ Torr for extended operation. Rather than the planar cathodes used in the field emission studies, we have used a concave dispenser cathode (produced f or SLAC klystrons) which produces a converging beam. Guided by detailed calculations with the DPC injector-design code, we have produced triode designs such as that in Fig. 6 with brightnesses approaching 10 for currents of 1 kA. These designs are far from optimized as the cathode size and shape were determined by ready availability from the vendor not by design consid erations. For example, higher currents can be obtained by scaling the cathode size from 3.5" to 5.0".
We have tested these dispenser cathodes in HBTS at repetition rates exceeding 900 Hz without discernible degradation in their performance. With the cathodes operating at nearly 1300° C, lifetimes of 40 hours are typical. Better vacuum conditions may improve this performance.
Tests of BaO cathodes in high vacuum conditions did show emissivities in 2 excess of 50 A/cm . The brightness of the beam produced from these cathodes 8 was lower than that from similar dispenser sources. The culprit in degrading performance seems to be the relatively rough surface of the oxide when it is applied by standard techniques. Fig. 7 illustrates our progress in the design of multi-kiloampere injectors during the past year. The performance of these injectors easily exceeds that needed for FEL amplifiers of microwave radiation. Indeed, it is now sufficiently good to allow high gain, high extraction experiments in the near IR. As the observed brightnesses are at least an order-of-magnitude less than the intrinsic cathode brightness as tabulated in Table 1 Table 1 
IV. Conclusions

